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METHOD OF MEASURING SUB-MICRON TRENCH STRUCTURES 

FIELD OF THE INVENTION 
The invention relates to the field of optoacoustic 
metrology to determine properties of a sample, e.g., a trench 
structure fabricated on a silicon wafer. 



BACKGROUND AND SUMMARY OF THE INViENTION 
Fabrication of microelectronic devices typically includes 
multiple patterning steps wherein trench structures (i.e.. holes 
or linear trenches) are fabricated, typically by etching, in a 
semiconductor substrate or thin film layers deposited on the 
substrate. 

Non-contact optical methods of measuring such structures 
are in great demand for industrial process monitoring and 
control. Parameters of most interest for process control 
applications can include depth, width, and other parameters of 
the trench structures. In the state-of-the art integrated 
circuit manufacturing, typical width of the trench structures is 
of the order of O.lMm, while the depth of the trenches may range 
from under 1 ^m to a few microns or more. Non-destructive 
measurement of such narrow high aspect ratio structures is a 
challenging problem. 

In one known method, described in the prior art U.S. 



Patents 5,812,261, 6,081,330, 6,188,478, herein incoriJorated by 
reference, a thin film structure is probed using an impulsive 
stimulated thermal scattering (ISTS) surface acoustic wave 
spectrometer. As shown in Fig. 1, in this technique, the sample 
structure 1 is excited with a short pulse of laser light imaged 
to form a grating pattern 10 on the sample surface by the 
interference of two beams 3,3'. Absorption of light under each 
of the bright stripes of the grating pattern 10 causes local 
heating of the sample, which results in sudden periodic 
expansion launching acoustic waves at the sample surface. The 

acoustic wave propagation can be seen in enlarged portion 8. As 

this surface acoustic wave '.(SAW) propagates in the plane of the 

film, it also modulates the diffracted signal beam 6' intensity. 

resulting in an oscillatory component (henceforth "acoustic 

component") in the detected signal. 

The above -described technique has been employed to measure 

the thickness of film layers by analysis of the SAW frequency 

spectrum. 

If a film is patterned, i.e., by etching, ISTS is useful 
for measuring the etch depth if the size of the etched area is 
large compared to the SAW wavelength (i.e., typically 2-10 Mm). 
This prior art method will not work for measurement of a surface 
profile of a bulk sample, such- as a silicon wafer. In addition, 
it is the smaller features (i.e., on the order of 0.1 iim) that 

( 



are most likely to be tnisprocessed during lithography and 
etching. Consequently, these relatively small features require 
process control metrology. 

In one extension of the ISTS technique described in U.S. 
patent 6,256,100, the method described above is applied to 
measure the effective thickness of con^site structures formed 
of narrow (i.e. micron or submicron width) trenches etched in, 
dielectric material and filled with metal. However, this method 
had not been applied to measuring trench structures prior to 
metal filling. 

In addition, no studies have been donk for high-aspect- 
ratio sub-micron structures which are of the most interest for 
practical applications. 

Accordingly, it would be desirable to provide a method that 
can measure trench structures on the order of 0.1 /xm in width. 

The present invention meets the need for a method that can 
measure trench structures on the order of 0.1 /xm at least in one 
aspect. in one Aspect, a method measures a patterned structure, 
one step of the method is exciting the structure by irradiating 
it with a spatially periodic laser intensity pattern in order to 
generate surface acoustic waves. Other steps are diffracting a 
probe laser beam off a thermal grating to form a signal beam; 
detecting the signal beam as a function of time to generate a 
signal waveform; and determining at least one property of the 



patterned structure based on the effect of the surface profile 
on surface acoustic wave phase velocity. 

In one embodiment, the spatially periodic laser intensity 
pattern has a period ranging from 1 to 20 microns. In another 
embodiment, the patterned structure has a surface profile with a 
period equal to or less than approximately 2 fim. 

In one embodiment, the patterned structure is a periodic 
array of trenches. In another embodiment, the periodic array is 
a periodic array of linear trenches. In yet another embodiment, 
the periodic array is a two-dimensional array of trenches. 

In one embodiment, the trenches are fabricated in a silicon 
substrate. In another embodiment, the trenches are fabricated 

in a thin film. 

In one embodiment, the at least one property is trench 
depth. In another embodiment, the at least one property is 
trench width. In another embodiment, the at least one property 
is a depth profile of the trench structure. 

In one embodiment, the determining step includes combining 
measurements at multiple acoustic wavelengths to determine 
multiple parameters of the trench structure- In another 
embodiment, the determining step includes measurements along and 
across the linear trench structure to determine both trench 
depth and width.- In still another embodiment, the determining 
step includes meas\irements both within and outside the patterned 



area in order to separate the effect on the surface acoustic 
wave velocity caused by the trench structures from the other 
effects such as film thiclcness. 

In one embodiment, the determining step includes analysis 
of the signal waveform with a theoretical model based on elastic 
properties of the structure- In another embodiment, the 
determining step includes analysis of the signal waveform with 
an empirical calibration. 

The invention provides many advantages that are evident 
from the following description, drawings, and claims. 

BRIEF DESCRIPTION OF THE DEiAWING 

The invention may be more completely understood in 
reference to the following figures; 

Fig. 1 depicts a thin film structure on an integrated 
circuit probed using impulsive stimulated thermal scattering 
according to a prior art method; 

Fig. 2a depicts a patterned film on a silicon substrate; 

Fig- 2b depicts a patterned silicon substrate; 

Fig. 3 depicts a matrix indicating calculated dependence of 
the SAW velocity on trench depth in silicon; 

Fig- 4 depicts a matrix indicating calculated dependences 
of the SAW velocity on trench depth for 1 ^im- thick thermal oxide 
film on a silicon substrate; 
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Fig. 5 depicts a structure including a silicon substrate, a 
trench array etched in a SiOa film, and a metal film coating; 

Fig. 6 depicts signal waveforms generated outside of the 
patterned area of a sample depicted in Fig. 5, parallel to the 
trenches of a trench array, and , perpendicular to the trenches; 

Fig. 7 depicts a table listing SAW velocity values obtained 
from the signal waveforms shown in Fig. 6. 

DETAILED DESCRIPTION OF THE INVENTION 
According to the current invention, ISTS can be used to 
measure . trench structures with near- or sub-micron width, e.g. a 
periodic- array of trenches etched either in a thin film or in a 
silicon substrate. The measurement is based on the fact that 
the SAW phase velocity is affected by the trench . structure and 
is dependent on the parameters of the structure. 

According to the invented method, the excitation and 
detection of SAWs is performed on a patterned sample with 
surface profile characterized by a period of the order or less 
than 1 Mm. The measurement yields the SAW frequency)' at a 
defined wavelength, from which the SAW phase velocity is 
calculate'd. The data are analyzed with the help of an 
analytical or empirical model to determine a parameter of the 
profile, typically the trench depth or width. 
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Accurate analysis of SAW propagation in high aspect ratio 
trench structures will require finite element calculations. An 
approximate model can be used in order to obtain an estimate of 
the effect of high aspect ratio trench array on SAW propagation. 
The model applies to periodic arrays of linear trenches, such as 
those labeled 30 and 40 in Fig. 2, with the surface acoustic 
wave 2 period large compared to the period of the trench 
structure. Structure (a) of Fig. 2 depicts a periodic array of 
trenches 30 formed in a thiri layer 60 over a substrate 70. 
Structure (b) of Fig. 2 depicts a periodic array of trenches 40 
formed in a silicon substrate. Structure (a) includes a trench 
9 on the order of tens of microns . This can be measured by a 
prior art ISTS method. . 

The model assumes that if the period of the structure (a) 
or (b) is small with respect to both. SAW 2 wavelength and 
thidkness of the structure, it can be treated as a homogeneous 
material with effective, elastic properties. It is known to 
calculate the effective elastic properties of a layered 
structure from the properties of constituent materials, such as 
in structure (a) . The layered structure is effectively 
described as a transversely isotropic medium with the symmetry 
axis perpendicular to the layers, which is described by 5 
independent effective elastic constants. The same method can be 
applied to a trench array 30, 40 if vacuum is treated as one of 



the constituent materials of the structure. Thus, the following 
equations expressing effective density p* and elastic constants 
Cij*of the trench array through the density p and elastic constants 
Cijbf the material can be obtained: 




^66 = ^^44 



where h is the ratio of the space between the trenches to the 
period of the structure. It can be expressed trough the trench 
width/space ratio as h=:l/ (1+w/s) . The notations in equation (1) 
assume that the z-axis is perpendicular to the trenches. 

Fig. 3 presents the calculated dependence of the SAW 
velocity on the trench depth for trench arrays with width/space 
ratios 1:1 and 1:3 fabricated in Si. Fig. 4 depicts the 
calculated dependence of the SAW velocity on the trench depth 
for trench arrays in a 1 /xm-thick silicon dioxide film on Si . 
The calculations show that there is a significant dependence of 
the SAW velocity on both the trench depth 80 and width/space 
ratio, particularly for SAW propagation across the trenches. In 
order to estimate the repeatability of the trench depth 80 
measurements, assume that the repeatability of the SAW velocity 
measurements are -0.5 m/s (which corresponds to the frequency 



8 



measurement repeatability of 0.1 MHz) . For a trench depth of 
5000 A and SAW propagation perpendicular to the trenches, the 
results presented in Figs. 3 and 4 yield a repeatability 
estimate of -7 A (or 0.14%) for 1:1 width/space ratio trenches in 
Si and -2oA (or 0.4%) for trenches in the oxide film. 

It should be noted that variations in trench depth 80 and 
width 90 have different effects on SAW velocity parallel ( | | ) 
and perpendicular (■»-) to the trenches 5. An increase in the 
trench width 90 increases the parallel velocity but decreases 
the perpendicular velocity while an increase in t?he trench 
width/ space ratio increases the SAW velocity in both directions. 
This fact indicates that the measurements with SAW propagation 
along and across the trenches 5 can be combined in order to 
determine both trench depth 80 and width ratio. 

Although the model calculations above applied to a one- 
dimensional array of linear trenches, it is expected that two- 
dimensional array of holes will also have an effect of a on the 
SAW velocity that can be used to measure the parameters of the 
structure such as trench depth and width. 

Performing measurements at multiple SAW wavelengths will 
provide additional information that can be used for simultaneous 
measurements of multiple parameters of trench structures. For 
example, if the SAW wavelength is small conpared to the trench 
depth, SAW velocity will be independent on the trench depth, but 



still sensitive to the trench width. At longer wavelength, SAW 
velocity will be sensitive to both trench depth and width. 
Combining the measurements at short and long wavelengths will 
thus allow to measure both parameters simultaneously. 

To test the capability of trench measurements with the 
invented method experimentally, we performed measurements on a 
structure depicted in Fig. 5 at a SAW wavelength 6 The 
structure of Fig- 5 includes a substrate 700 formed of silicon, 
a trench array 500 fabricated in an 800 nm- thick layer of Si02- 
The trench width was 1 jim and the width/ space ratio was 1:1. The 
structure was coated with a -25 nm of Ta and -100 nm of Cu 600. . 

Fig. 6 presents the signal wavefoiros 600 obtained in the 
unpatterned area of the sample and on the trench array 601, 602 
of Fig. 5 with SAW propagation parallel (e.g., 601) and 
perpendicular (e.g., 602) to the trenches 5. It can be seen 
from the waveforms 600, 601, 602, that for the perpendicular 
-propagation, the effect of the surface relief on the signal is 
particularly strong and that it causes a significant decrease in 
the SAW frequency. 

Fig. 7 presents a table listing SAW velocity values obtained 
from the waveforms shown in Fig. 6. One can see that for the 
parallel propagation, the SAW velocity increases slightly 
compared to unpatterned area (i.e. zero trench depth), while for 
perpendicular propagation the velocity decreases significantly. 
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These results qualitatively agree with the theoretical 
predictions according to Fig. 4. 

The invention provides many additional advantages that are 
evident from the description, drawings, and claims. 

The preceding expressions and examples are exemplary and 
are not intended to limit the scope of the claims that follow. 
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what is claimed is: 

1. A method for measuring a patterned structure (3) comprising: 

exciting the structure .(3) by irradiating it with a 
spatially periodic laser intensity pattern in order to generate 
surface acoustic waves. 

diffracting a probe laser beam (6) off the thermal grating 
to form a signal beam; 

detecting the signal beam as a function of time to generate 
a signal waveform; and 

determining at least one property of the patterned 
structure based on the effect of the surface profile on surface 
acoustic wave phase velocity. 

2. The method of Claim 1, wherein the 'exciting step further 
comprises a spatially periodic laser intensity pattern having a 
period ranging from 1 to 20 microns. 

3. The method of Claim 1, wherein the patterned structure is 
comprised of trenches equal to or less than approximately 2 (xm 
in width. 

4. The method of Claim 3, wherein the patterned structure 
further comprises a periodic array of trenches. 
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5. The method of Claim 4, wherein the patterned structure 
further comprises a periodic array of linear trenches. 

6. The method of Claim 4, wherein the patterned structure 
further comprises a two-dimensional peripdic array of trenches. 

7. The method of Claim 4 , wherein the trenches are fabricated 
in a silicon siibstrate. 

8. The method of Claim 3, wherein the trenches are fabricated 
in a thin film. 

9. The method of Claim 1, wherein the at least one property, 
comprises trench depth. . 

10. The method of Claim 1, wherein the at least one property 
comprises trench width. 

11. The method of Claim 1, wherein the at least one property 
comprises a depth profile of the trench structure. 

12. The method of Claim 1, wherein the determining step further 
comprises combining measurements at multiple acoustic 
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wavelengths to determine multiple parameters of the trench 
structure - 

13. The method of Claim 5, wherein the determining step 
further comprises combining measurements along and across the 
trench structure to determine both trench depth and width. 

14. The method of Claim 1, wherein the determining step further 
comprises combining measurements within and outside the 
patterned area to separate the effect on the surface acoustic 
wave velocity caused by the trench structure from the other 
effects such as film thickness. 

15. The method of claim 1, wherein the determining step 
comprises analysis of the signal waveform with a theoretical 
model based on elastic properties of the structure. 

16. The method of Claim 1, wherein the determining step 
comprises analysis of the signal waveform with a model based on 
an empirical calibration. 



14 



ABSTRACT 

The present invention uses ISTS to measure trenches with 
near- or sub-micron width. The trenches can be etched in a thin 
film on in a silicon siobstrate. One step of the method is 
exciting the structure by irradiating it with a spatially 
periodic laser intensity pattern in order to generate surface 
acoustic waves. Other steps are diffracting a probe laser beam 
off the thermal grating to form a signal beam; detecting the 
signal beam as a function of time to generate a signal waveform; 
determining surface acoustic wave phase velocity from the 
waveform; and determining at least one property of the trench 
structures based on the dependence of surface acoustic wave 
phase velocity on the parameters of the structure. 

{Fig. 2) 
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